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ABSTRACT: The reaction between 1,2,4,5-tetrazines and alkenes
in polar solvents proceeds through a Diels−Alder cycloaddition
along the C−C axis (C3/C6 cycloaddition) of the tetrazine,
followed by dinitrogen loss. By contrast, the reactions of 1,2,4,5-
tetrazines with enamines in hexafluoroisopropanol (HFIP) give
1,2,4-triazine products stemming from a formal Diels−Alder
addition across the N−N axis (N1/N4 cycloaddition). We
explored the mechanism of this interesting solvent e1ect through DFT calculations in detail and revealed a novel reaction
pathway characterized by C−N bond formation, deprotonation, and a 3,3-sigmatropic rearrangement. The participation of an HFIP
molecule was found to be crucial to the N1/N4 selectivity over C3/C6 due to the more favored initial C−N bond formation than
C−C bond formation.

■ INTRODUCTION

The inverse electron demand Diels−Alder (iEDDA) reaction
involving electron-deficient heterocyclic azadienes is a useful
strategy for synthesis of highly functionalized heterocycles1

since it was initially reported by Carboni and Lindsey in 1959.2

The often very fast cycloaddition between 1,2,4,5-tetrazines
and alkenes is now a widely used reaction in bioorthogonal
conjugation strategies,3 synthesis of natural products,4

modification of metal−organic frameworks,5 functionalization
of carbon nanotubes,6 and construction of microarrays.7 Much
e1ort has been devoted to investigating the reactivity and
selectivity of these reactions, both experimentally and
computationally. Computational studies elucidated their
mechanisms, intrinsic reactivities a1ected by electronic and
steric factors, and regio- and stereochemistries.8 In general, the
cycloaddition proceeds across the two carbon atoms (i.e., C3/
C6 cycloaddition) of 1,2,4,5-tetrazines, resulting in the
formation of a pyridazine product after the loss of N2 and
subsequent aromatization (Scheme 1a).

Recent advancements in this area have been spearheaded by
the Boger group.9 The cycloaddition reactions of 3,6-
bis(methylthio)-1,2,4,5-tetrazine (1) and 1-styrylpyrrolidine
enamine (2) are especially interesting because di1erent
products are obtained when using di1erent solvents (Scheme
1b). When the reaction is conducted in non-fluorinated
solvents such as CH3OH at 50 °C for 24 h, the conventional
C3/C6 cycloaddition product pyridazine P1 is generated in
66% yield. Strikingly, the use of fluoroalcohol solvents,
especially hexafluoroisopropanol (HFIP) at room temperature,
resulted in an unprecedented N1/N4 cycloaddition pathway
across the N−N axis of the tetrazine. Interesting solvent e1ects
of HFIP have been reported previously.10 In this case, in HFIP
solution, the reaction led to the synthesis of elusive 1,2,4-

triazine P2, achieving a remarkable 75% yield (Scheme 1b).
Experimental mechanistic studies further supported two
parallel pathways, one of which generates an isolatable
intermediate, P3, which could transform to P2 in HFIP. The
structure of P3 was further confirmed by crystallography, as
shown in Figure S1.

We have carried out a comprehensive exploration of the
underlying reaction mechanisms using density functional
theory (DFT) calculations and established the di1ering
reaction mechanisms in CH3OH and HFIP.

■ COMPUTATIONAL DETAILS

DFT calculations were conducted with Gaussian 09.11

Geometry optimizations and frequency calculations were
carried out at the M06-2X12/6-31+G(d)13 level of theory.
For solvation e1ects, the Conductor-Like Polarizable Con-
tinuum Model (CPCM)14 was applied with ε = 32.6 for
CH3OH and ε = 16.7 for HFIP.15 We have included explicit
HFIP in some calculations as well. Vibrational analysis verified
the optimized structures as either energy minima or transition
states. Single-point energies were subsequently computed on
these optimized geometries by using the M06-2X/6-311+G-
(d,p)−CPCM level. Detailed conformational searches on key
intermediates were performed using CREST.16 Quasiharmonic
approximations were employed in the calculations of free
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energies using the GoodVibes package.17 For visualization, all
3D renderings were generated using CYLview18 or PyMol.19

■ RESULTS AND DISCUSSION

Diazine Product Formed in CH3OH through C3/C6
Cycloaddition. The cycloaddition between 1,2,4,5-tetrazines
and alkenes commonly proceeds through either a concerted or
a stepwise Diels−Alder mechanism. Subsequently, a retro-

Diels−Alder reaction of N2 gas and an elimination step yield
the aromatic pyridazine products. First, we studied the reaction
mechanism of 1 with 2 in implicit CH3OH. This investigation
revealed a stepwise Diels−Alder pathway, corresponding with
previous studies.20 As shown in blue in Figure 1, enamine 2
initially attacks tetrazine 1 at C3 and goes through transition
state 3 with a free energy barrier of 21.8 kcal/mol, forming one
C−C bond. This leads to a shallow zwitterionic intermediate 4,
18.4 kcal/mol higher than the starting materials. We have
characterized the zwitterionic intermediate 4, and the
Hirshfeld charges on the tetrazine and enamine fragments
are −0.31 and +0.31, respectively. Transition state 5 forming
the second C−C bond has an energy barrier of only 0.6 kcal/
mol. Subsequent retro-Diels−Alder reaction has an energy
barrier of 6.7 kcal/mol and provides 8, which is a very
exergonic step involving the extrusion of N2 gas. Our group
earlier explored the rapid dynamics of N2 extrusion from
similar intermediates,21 the low barrier implies a lifetime of at
most a few 100 fs. The final pyridazine product P1 is formed
after elimination of pyrrolidine. The overall reaction is
exergonic by −68.7 kcal/mol. When we computed the reaction
path in the gas phase, we found that the concerted pathway is
favored with the two C−C bonds forming rather synchro-
nously, but the transition state has a free energy barrier of 25.8
kcal/mol due to the absence of stabilization of the zwitterionic
transition state and intermediate, shown in Figure S3.

The Gibbs free energy profile of the N1/N4 cycloaddition
reaction in implicit CH3OH solvent is depicted in green in
Figure 1. The N1/N4 cycloaddition pathway leading to
triazine product P2 has higher energy barriers than the C3/C6
cycloaddition mechanism (23.3 kcal/mol vs 21.8 kcal/mol,
21.8 kcal/mol vs 19.0 kcal/mol). Corresponding to our
previous studies, C−C bond formation is preferred over C−

N bond formation in tetrazine cycloadditions.22 Furthermore,
the extrusion of N2 after the C3/C6 cycloaddition reaction is
considerably easier compared to the loss of nitrile after the
N1/N4 cycloaddition reaction, with an energy barrier of 15.6

Scheme 1. (a) C3/C6 Cycloaddition Diels−Alder Reactions
of Tetrazines and Alkenes; (b) Experimental Results of
Reactions of Tetrazine 1 and Enamine 2 in CH3OH or
HFIP9

Figure 1. Gibbs free energy profile for C3/C6 cycloaddition (blue) and N1/N4 cycloaddition (green) of tetrazine 1 with enamine 2 in implicit
CH3OH, leading to pyridazine product P1 and triazine product P2, respectively. Hirshfeld charges of zwitterionic species fragments of 4 are shown
in bold. We colored the forming and breaking bonds in red.
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kcal/mol vs 50.9 kcal/mol. Notably, the subsequent inter-
mediate 8 after C3/C6 cycloaddition has an exoergic energy of
−52.9 kcal/mol, in contrast to −10.7 kcal/mol after release of
nitrile; the N2 extrusion step is thermodynamically favored
over the nitrile release by 42.2 kcal/mol. This is consistent with
the Evans−Polanyi relationship, since when the reaction
becomes more exothermic, the transition state energy is
lowered. More specifically, N2 release involves the cleavage of
two weak C−N bonds in exchange for the formation of a
strong N�N bond.23 3D structures and bond length
information on two transition states 7 are shown in Figure S4.

In CH3OH, C3/C6 cycloaddition is preferred, giving
pyridazine product P1. A concerted mechanism occurs in gas
phase or in less polar environments,24 while a polar solvent
such as CH3OH stabilizes the zwitterionic intermediate 4,
leading to a stepwise reaction process.

Reaction in Implicit HFIP through N1/N4 Cyclo-

addition. The N1/N4 cycloaddition of tetrazine in implicit
HFIP is shown in Figure 2, and the energy barrier for the
formation of the first C−N bond is 22.3 kcal/mol (9), 1.0
kcal/mol lower than the first C−N formation 3 in CH3OH in
Figure 1 in green. Transition state 9 leads to a zwitterionic
intermediate 10, which is more stable than zwitterion 4 in
CH3OH (16.5 kcal/mol in HFIP vs 17.3 kcal/mol in
CH3OH). The second C−N bond formation transition state
11 has a low energy barrier of 4.1 kcal/mol. However, the
release of nitrile presents a challenge again, similar in CH3OH,
with a 49.7 kcal/mol energy barrier (13). Compared to the
N1/N4 cycloaddition in CH3OH in Figure 1, HFIP facilitates
the N1/N4 cycloaddition reaction more eJciently at the
beginning of the reaction (C−N bond formations), stabilizing

Figure 2. Gibbs free energy profile for the N1/N4 cycloaddition of tetrazine 1 with enamine 2 in implicit HFIP; 3D structures of transition states
and key intermediates are shown at the bottom. Distances are in angstroms (Å). We colored the forming and breaking bonds in red.

Figure 3. Gibbs free energy profile for N1/N4 cycloaddition of 1 with 2 with (solid line) and without (dashed line) explicit HFIP. 2D structures
with HFIP are given. We colored the forming and breaking bonds in red.
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the zwitterionic intermediate 10 but yielding no product P2
due to the high energy barrier of the last elimination step.
Triazine Product Formed in HFIP through [3,3]-

Sigmatropic Rearrangement. We reasoned that HFIP
could play an important role in the reaction mechanism that
cannot be described correctly by using an implicit solvent
model. Therefore, we performed an analysis using explicit
HFIP molecules. The reaction profiles with/without explicit
HFIP are shown in Figure 3. The HFIP-coordinated tetrazine
substrate 1 undergoes attack by enamine at N1 with a 16.7
kcal/mol energy barrier (15), lower by 5.6 kcal/mol compared
to N1/N4 cycloaddition without explicit HFIP and lower by
1.8 kcal/mol compared to C3/C6 cycloaddition with one
explicit HFIP.25 Zwitterionic species 16 is stabilized by 7.9
kcal/mol with one explicit HFIP. The subsequent deprotona-
tion of C7 has an energy barrier of 10.4 kcal/mol (17).26

Experimental measurements indicate that the reaction (kobs =
6.8 × 10−2 L/mol/min) is slightly faster in HFIP than in
HFIP-d2 (kobs = 4.9 × 10−2 L/mol/min), which is likely due to
decreased acidity of HFIP-d2.

27 Followed by the isomerization
of deprotonated intermediate 18, a more stable intermediate
21 is formed.28 Compound 21 goes through a [3,3]-
sigmatropic rearrangement transition state 19, with an energy
barrier of 15.2 kcal/mol. This rearrangement involved
simultaneous N−N cleavage and the formation of C−N
bonds. The intrinsic reaction coordinate (IRC) of 19 is shown
in Figure S7. Notably, for the IRC of 19 without explicit HFIP,
shown in Figure S7b, N1−N2 breaking is accompanied by
C8−N4 formation to form P2 directly. We did not find
computationally the intermediate d proposed in Boger’s
paper.9 The thermodynamically favored species 20 is formed
with an energy of −32.8 kcal/mol. The final aromatization of

Figure 4. 3D structures and transition states energies of 15, 17, and 19 with/without explicit HFIP. Distances are in angstroms (Å).

Figure 5. Gibbs free energy profile for the formation of P3 in HFIP. 3D structures of key transition states 22, 24, and 24 are given. Distances are
given in angstroms (Å). We colored the forming and breaking bonds in red.
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20 is accompanied by the loss of pyrrolidine and MeSCN,
resulting in the formation of the very stable triazine product P2
with an energy of −39.0 kcal/mol. The corresponding reaction
profile with an explicit CH3OH is shown in Figure S8, where
the deprotonation step presents an energy barrier of 33.9 kcal/
mol, making it impossible for the [3,3]-sigmatropic rearrange-
ment reaction pathway to happen in CH3OH.

The participation of explicit HFIP not only lowers the
activation energy by stabilizing the charge-separated inter-
mediates but also acts as the proton source. Additionally, the
deprotonated HFIP facilitates proton abstraction, which makes
a [3,3]-sigmatropic rearrangement feasible. The key transition
state structures are shown in Figure 4. Comparing the
transition states of C−N bond formation without and with
HFIP, 15 benefited from the H-bond interaction of an explicit
HFIP molecule. This causes an earlier transition state with a
C7−N1 bond formation distance of 1.97 Å (compared to 1.90
Å without the explicit HFIP molecule), reducing the energy
barrier by 5.6 kcal/mol. Additionally, the deprotonation
process decreased by 18.7 kcal/mol in 17 and activated the
N1−N2 bond. This leads to a lower energy barrier in the
followed [3,3]-sigmatropic rearrangement transition state 19.
The N1−N2 bond breaking distance is 1.98 Å in transition
state 19, while very little C8−N4 bond formation occurs with a
long 3.13 Å distance.

We then investigated the formation of intermediate P3. In
the experimental studies, compound P3 was isolated in 36%
yield when 1 and enamine 2 were allowed to react in MeOH/
HFIP (1:1) solvent mixtures for 2 h. The computed Gibbs free
energy profile for this transformation is shown in Figure 5.
Started from intermediate 21, the rate-determining step that
proceeds through transition state 2229 involves a ring-opening
with 15.2 kcal/mol energy barrier, leading to intermediate 23
(−3.4 kcal/mol). The zwitterion species 23 undergoes a 5-
endo-trig cyclization with an energy barrier of only 6.6 kcal/
mol to give 25, followed by a 5-exo-trig ring closure with a 4.2
kcal/mol energy barrier to generate 27 (−16.9 kcal/mol).
Tautomerization gives compound 28 with an energy of −36.2
kcal/mol. Significantly, the transformation of 23 to 28 is
irreversible, with a reversed energy barrier of 39.4 kcal/mol. P3
is formed by decomplexation at the end. Notably, the
transition state energy of 19 leading to P2 is exactly identical
with 22 leading to P3; this is in close agreement with

experiment result that both P2 and P3 are detected in the
experimental mechanism study.

Finally, we investigated the experimental findings that in
HFIP P3 converts to P2 in 13 h and 78% yield at room
temperature. As shown in Figure S10, without an explicit HFIP
molecule coordinated, the energy barrier of the rate-
determining step 48, which is a ring expansion process, has a
height of 31.8 kcal/mol. This corresponds with the experiment
result that the transformation from P3 to P2 does not occur
without HFIP. With one explicit HFIP, P3-HFIP undergoes
proton transfer and C−N bond cleavage, with the rate-
determining step 32 of 30.2 kcal/mol, as shown in Figure 6.
When we take two HFIP molecules into consideration to
mimic the HFIP solvent environment, we have found that
energy barrier of the rate-determining step of ring expansion
34 is decreased to 25.4 kcal/mol, as shown in parentheses in
Figure 6. P2 is given with an exoergic energy of −33.6 kcal/
mol. With two H-bonds from two HFIP molecules, transition
state 34 presents an early transition state, which has a 1.63 Å
forming C−N bond distance and 1.59 Å for the breaking C−N
bond. The energy barrier is lowered by 6.4 and 4.8 kcal/mol
compared to 33 (without HFIP) or 32 (one explicit HFIP).
This finding is in agreement with previous DFT studies that
showed that each HFIP molecule lowers the energy barrier by
∼3 kcal/mol.30 We could imagine that in the real system,
where the reaction proceeds in HFIP, with two or more HFIP
ions interacted with P3, this energy barrier could be even lower
than 25.4 kcal/mol.

■ CONCLUSION

Using density functional theory, we unraveled the solvent
e1ect in the reaction between 1,2,4,5-tetrazine and enamine,
which leads to an unusual N1/N4 cycloaddition, rather than
the common C3/C6 cycloaddition. In polar solvents, such as
methanol, an asynchronous C3/C6 cycloaddition Diels−Alder
reaction followed by elimination of N2 leads to the expected
pyridazine product, which was confirmed by our calculations.
N1/N4 cycloaddition is possible; however, the formed
intermediate would need to eliminate a nitrile to form the
triazine product. This barrier was found to be too high to be
feasible. Using explicit HFIP solvation, we showed that after
one initial C−N bond formation, a proton transfer with
subsequent [3,3]-sigmatropic arrangement can provide a low-

Figure 6. Gibbs free energy profile for the transformation of P3 to P2. 3D transition state structure of the rate-determining step without/one
explicit/two explicit HFIP coordinated are shown as 33, 32, and 34, respectively. Distances are in angstroms (Å). We colored the forming and
breaking bonds in red.
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energy pathway to observed triazine products. Additionally, we
demonstrate how an experimentally observed side product can
be formed and subsequently also transformed into the triazine
product.

This study into solvent e1ects leading to unusual cyclo-
additions provides important insight that might be used to
control regioselectivity in similar cycloadditions. Mechanistic
studies on substitution e1ects are ongoing in our group.
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(28) Isomerization structures and energies of 18 and 21 are shown
in Figure S6.
(29) The comparison of Gibbs free energy of HFIP molecule

coordinated to N2 and N4 in the rate-determining step of P2
transformed to P3, shown in Figure S9.
(30) Zhou, Y.; Xue, R.; Feng, Y.; Zhang, L. How Does HOTf/HFIP
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